The Siah proteins, mammalian homologues of the Drosophila Sina protein, function as E3 ubiquitin ligase enzymes and target a wide range of cellular proteins for degradation. Here, I investigate the in vivo function of the fly protein, Sina-Homologue (SinaH), which is highly similar to Sina. Flies that completely lack SinaH are viable and in combination with a mutation in the gene, Ebi, show an extra dorsal central bristle phenotype. I also show that SinaH and Ebi can interact with each other both in vivo and in vitro suggesting that they act in the same physical complex. Flies that lack both Sina and Sina-Homologue were also created and show visible eye and bristle phenotypes, which can be explained by an inability to degrade the neuronal repressor, Tramtrack. I find no evidence for redundancy in the function of Sina and SinaH.
Introduction
Ubiquitination of proteins and their subsequent degradation is a fundamentally important process used to control protein levels in numerous contexts including cell cycle control and many developmental processes. The E1 enzyme activates ubiquitin and transfers it to one of several E2 conjugating enzymes. E3 ligases are often multisubunit complexes which contain a HECT domain or RING finger protein. They interact directly with protein substrates and assist the transfer of ubiquitin from the E2 enzyme to lysine residues in the target (Hershko and Ciechanover, 1998; Pickart, 2001) .
The Drosophila gene seven-in-absentia (Sina) is involved in the specification of the R7 photoreceptors and the sensory bristles of the abdomen, wing margin and notum (Carthew and Rubin, 1990) . The Sina protein is the RING domain component of a multisubunit E3 ubiquitin ligase, which includes an adaptor protein phyllopod (Phyl) and an F-box protein Ebi. This complex interacts with the E2 conjugating enzyme, UBCD1, to promote the ubiquitination and proteasome-dependent degradation of the transcriptional repressors Tramtrack 69 and Tramtrack 88 (Boulton et al., 2000; Dong et al., 1999; Li et al., 1997 Li et al., , 2002 Tang et al., 1997) . Tramtrack proteins act as DNA binding transcription factors that can repress neural identity. In the nervous system and the eye, Tramtrack proteins are expressed exclusively in non-neuronal cells (Badenhorst et al., 2002; Giesen et al., 1997; Guo et al., 1995; Xiong and Montell, 1993) .
Failure to degrade Tramtrack proteins in the neuronal cells results a change of specification of the cell. For example, the R7 photoreceptor becomes a cone cell, the sensory organ precursor (SOP) forms an epithelial cell, and the IIb neuronal linage becomes a IIa cell (Li et al., 1997; Pi et al., 2001; Tang et al., 1997) . This explains the rough eye, lack of bristles, and double bristles seen in both Sina and Phyl mutants (Carthew and Rubin, 1990; Chang et al., 1995; Pi et al., 2001) . Overexpression of Tramtrack in the adult also results in a similar double bristle phenotype (Guo et al., 1995) .
Ebi is a highly conserved F-box protein, which contains C-terminal WD40 repeats but, in contrast to Sina and Phyl mutants, homozygous Ebi mutations are lethal. As well as a role in promoting degradation of Tramtrack (Boulton et al., 2000; Dong et al., 1999) , Ebi has also been implicated in cell cycle control in neuronal tissue. Genetic analysis suggests that Ebi acts as a repressor of the G1 to S phase transition but the exact mechanism of cell cycle arrest is unclear (Boulton et al., 2000) . Ebi has also been shown to associate with SMRT/HDAC repressor complexes (Guenther et al., 2000; Tsuda et al., 2002) acting to remove repression downstream of EGF signalling. The human homologue of Ebi, TBL1, can bind to b-catenin and is required for a Wnt-independent, p53-dependent ubiquitination pathway. Here, TBL1 binds directly to Skp1, which in turn interacts with a novel Siah-interacting protein (SIP) that can bind to Siah1, one of the mammalian homologues of Drosophila Sina (Matsuzawa and Reed, 2001) .
Humans have two highly conserved proteins, Siah1 and Siah2 (76% and 68% identity respectively with Sina) (Hu et al., 1997) , and mice contain three (Siah1a, Siah1b, and Siah2) (Della et al., 1993) . They have high sequence conservation and a widespread expression pattern. As well as b-catenin, the Siah proteins have also been shown to target a large variety of other proteins for degradation, for example NcoR (Zhang et al., 1998) , BAG-1 (Matsuzawa et al., 1998; Sourisseau et al., 2001) , BOB1/OBF1 (Boehm et al., 2001; Tiedt et al., 2001) , and prolyl-hydroylase domain proteins (Nakayama et al., 2004) . A consensus motif found in Siah-binding proteins has been identified (PxAxVxP) (House et al., 2003) , which is present in more than half of the known Siah-binding proteins.
Several reports have implicated the Siah genes in cell cycle control (Amson et al., 1996; Bruzzoni-Giovanelli et al., 1999; Liu et al., 2001; Matsuzawa et al., 1998; Roperch et al., 1999) . However primary cell lines that lack the mouse Siah1a, Siah1b, and Siah2 genes display normal cell cycle progression, proliferation, p53-mediated senescence, and G1 phase cell cycle arrest . Mice deficient in Siah1a show postnatal growth retardation and mortality and the males are sterile due to a block in spermatogenesis at metaphase of the first meiotic division . Mice deficient in Siah2 are viable but interestingly Siah2 mutant mice are synthetically lethal with Siah1a, which suggests a high level of redundancy between the Siah proteins.
We have previously described the Drosophila protein, Sina-Homologue, which is highly similar to Sina, and shown that, unlike Sina, it can recognise the substrate Ttk69 using the AxVxP motif (Cooper et al., submitted for publication). This mode of recognition showed some similarities with the mammalian Siah proteins and suggested that SinaH might have a distinct function to Sina. In this paper, I investigate the in vivo function of SinaH by creating a fly lacking SinaH and show that, together with Ebi, it functions in the formation of dorsal central bristles. In mice, Siah proteins show redundancy with each other but clearly have an important and diverse role in development. Given that removal of SinaH alone had no visible phenotype and mutations in the Sina gene are viable with weak eye and bristle phenotypes, I investigated whether there might be redundancy between the two proteins in flies, by making double mutants. My data suggests that their functions do not overlap implying that they have distinct roles, albeit in the case of SinaH, one that does not lead to visible phenotypes.
Results
2.1. SinaH is expressed in pupae and adults, with higher expression in males SinaH (CG13030) is 46% identical to Sina, with all of the key residues in the RING and zinc fingers conserved, and SinaH can degrade Ttk69 in S2 cells (Cooper et al., unpublished observations) . In order to verify that SinaH was expressed in the fly, a Northern blot was carried out using RNA samples collected at different stages of development (Fig. 1a) . SinaH mRNA expression was highest in pupae, and adult males, although some mRNA was still detectable in adult females. I used RT-PCR to confirm this sex-specific expression pattern in both pupae and adults (Fig. 1b) . At low PCR cycle expression of SinaH mRNA is higher in males, although some expression was still seen in females, consistent with the results of the Northern blot. Fig. 2 shows the genomic region on 3L around the Sina (73D2-73D3) and SinaH (73D3) genes. This region of the genome is crowded, and the Sina, SinaH and the uncharacterised ORF CG13029 are located within the intron of the Rh4 (Rhodopsin 4) gene, which is transcribed in the opposite direction. A P-element is located in the mRNA of the Sina-RA isoform. An imprecise P-element excision experiment could be performed in the hope of creating a double Sina and SinaH allele. However, such an excision could generate a mutation that affects the nearby genes, and it would be impossible to create a single SinaH mutant using this technique. Therefore, homologous recombination was used in order to generate two different null alleles. The SinaH 1 allele is a single mutant, removing only the coding region of SinaH. The Sina SH allele is a double mutant, which completely removes the coding region of Sina, and the coding region of SinaH (regions removed marked in red, Fig. 2 ).
Creation of null mutations in Sina and SinaH
The Drosophila white gene replaced the deleted region when homologous recombination was successful and the null alleles were verified using Southern blot analysis (Fig. 3 ). Both Sina SH and SinaH 1 were viable as homozygotes and therefore I was able to use PCR of genomic DNA to confirm the Southern blot analysis. Neither Sina, nor the SinaH coding region could be amplified by PCR from Sina SH , and the SinaH coding region could not be amplified from SinaH 1 . The DNA was sequenced across the whole region for both alleles and gave a sequence exactly as predicted (data not shown).
Description of mutant phenotypes
Mutations in the Sina gene show a characteristic phenotype of a rough eye and loss of the sensory bristles on the head, notum, wing margin and most dramatically, the abdomen. Remaining bristles in these locations often show a double bristle phenotype, where two sheaths derive from a single socket. Other phenotypes include male and female sterility, a 10-fold reduction in life span, and adult behaviour is generally lethargic and uncoordinated (Carthew and Rubin, 1990) .
SinaH 1 is a null allele for SinaH. However, flies homozygous for this allele were viable and displayed no visible phenotype. Both males and females were fertile and showed no obvious reduction in viability compared with wild type.
Sina SH is null for both Sina and SinaH genes. These flies were homozygous viable but showed lack of bristles on the abdomen and double bristles on the abdomen (Fig. 4) , phenotypes characteristic of Sina mutants. They also had a rough eye and lacked bristles on the wing margin (Fig. 4) . The flies had a reduction in life span compared with wild type, and homozygotes were sterile. A careful comparison of Sina SH homozyotes, with Sina 3 and Sina 2 homozyotes (strong Sina alleles, (Carthew and Rubin, 1990) ) showed that all the phenotypes were identical. Therefore, the phenotype of the homozygous Sina SH flies could be accounted for by the lack of Sina. The lack of enhancement of the phenotype in Sina SH compared to Sina 3 or Sina 2 flies, suggested that the original strong Sina alleles were most probably null alleles, and also that there was no additional effect of removal of SinaH.
SinaH 1 allele can genetically interact with Ebi resulting in extra dorsal central bristles
Sina acts with the adaptor protein Phyl and the F-box factor Ebi to degrade Tramtrack (Boulton et al., 2000; Dong et al., 1999; Li et al., 1997 Li et al., , 2002 Tang et al., 1997) . Additionally, Phyl has been shown to bind to SinaH and, in certain circumstances, to promote SinaH-mediated degradation of substrates in S2 cells (Cooper et al., unpublished observations) . This could suggest that SinaH is present in a similar complex to Sina. Therefore, despite the lack of an obvious phenotype, a genetic interaction of SinaH with both Phyl and Ebi, was tested. Flies that were homozygous for SinaH 1 and heterozygous for strong alleles of Phyl (Phyl 2 ) or for Ebi (Ebi k16213 ) were created. There was no visible phenotype in the Phyl 2 /+; SinaH 1 flies (data not shown). However, the removal of SinaH and reduction in the amount of Ebi produced flies with an extra dorsal central (DC) bristle (Fig. 5a) . One or more extra bristles were observed on 36% of males and 68% of females and on average, flies contained 0.82 extra bristles (Fig. 5b) . The three or four DC bristles thereby generated are aligned and spaced like wild type, but because of the extra one or two, normally extend further in the anterior direction. As RT-PCR was performed on mRNA extracted from male and female pupae and adults. The control, RNA polymerase (see Experimental procedures), was amplified strongly in all samples. SinaH was amplified at higher levels in males compared with females in both pupae and adult stages. with wild type, the most posterior bristle remains the longest, whereas the bristles reduce in size towards the anterior. I conclude that although SinaH mutations alone display no visible phenotype, in a genetically sensitised condition (halving the dose of Ebi), SinaH is needed to maintain normal bristle number. This demonstrates that SinaH and Ebi can act together in vivo to restrict the ability to form dorsal central bristles.
SinaH and Ebi interact physically both in vitro and in vivo
It has previously been shown that Sina and Ebi can physically associate (Boulton et al., 2000) and therefore to test if SinaH and Ebi could be acting together in the same complex I carried out interaction studies both in vitro and in vivo. Fig. 6a shows that recombinant GSTEbi can interact with in vitro translated Sina and SinaH better than recombinant GST protein alone. In the reverse experiment, GST-Sina and GST-SinaH can both bind to in vitro translated Ebi better than GST. To test binding in vivo, a co-immunoprecipitation experiment was carried out in S2 cells. In these cells both Sina and SinaH cause the reduction of their own protein levels as well as substrate proteins (Cooper et al., unpublished observations) , so mutants in the RING finger, which have previously been shown to produce stable proteins, were used. C-terminally FLAG-tagged Sina or SinaH mutants (Sina-C120A-FLAG and SinaH-C87A-FLAG) or empty plasmid were co-transfected with Ebi containing a C-terminal HA epitope tag (Ebi-HA). SinaH-C87A-FLAG was able to bind Ebi-HA (lane 6 Fig. 6b ) even more strongly that Sina-C120A-FLAG (lane 5 Fig. 6b ). The binding of both Sina and SinaH to Ebi in vitro is fairly weak compared with the stronger binding seen in vivo, which might suggest other components of the complex are present in S2 cells and these help to promote or stabilise the interactions.
Discussion
The Siah E3 ubiquitin ligases have been shown to have many important functions in mammals and can target a diverse array of substrates for degradation. There are two Siah-like proteins in the Drosophila genome: Sina and the newly identified Sina-Homologue for which no mutant has existed. I created a defined mutation using homologous recombination to completely remove the SinaH gene in order to investigate the in vivo function of this potentially interesting gene. I have shown that flies that lack the SinaH gene do not show any visible phenotype in the adult. However, when homozygous, this SinaH 1 allele interacts with a heterozygous Ebi k16213 allele to give extra dorsal central bristles. Although the formation of extra dorsal central bristles is weak, it is a specific effect of removal of SinaH and lowering the amount of Ebi.
As well as this genetic interaction, I have also shown that SinaH and Ebi proteins physically associate both in vitro and in vivo in S2 cells, consistent with the proteins being members of the same complex. The proteins seem to interact more strongly in vivo in the co-immunoprecipitation experiment compared with in vitro assays, suggesting that other components, which might be functionally relevant, could be present within the Ebi/SinaH complex. The lack of a visible phenotype in the SinaH mutant flies could suggest that removal of SinaH alone can be compensated by other members of the complex or it may be functionally redundant with other genes. The clear extra DC bristle phenotype when there are reduced amounts of Ebi, suggests that it is only when Ebi becomes limiting within the complex, that this compensatory mechanism is not sufficient, and the bristle phenotype is visible. This suggests that a possible role Fig. 4 . Sina SH has the same phenotype as a Sina mutation. The Sina SH phenotype. Scanning EM of the abdomen (upper panels) and eye (central panels) of wt (left panels) and homozygous Sina SH flies (right panels). Fewer bristles are present in the abdomen of the mutant flies, and an image at higher magnification shows the double bristle phenotype. The mutant eye is also disordered compared with wt. Lower panels show the anterior wing margin, which reveals a lack of bristles in the mutant. 
labelled Ebi can bind to both GSTSina and GST-SinaH better than to GST (right panel). (b)
A coimmunoprecipitation experiment. S2 cells were transfected with 2.5 lg of either carrier pRHMA3, pRMHA3-SinaC120A-FLAG or pRMHA3-SinaHC87A-FLAG and with 2.5 lg of pRMHA3-Ebi-HA. After induction for 18 h, cell lysate was incubated with anti-FLAG agarose. Western blots of 10% of the input (left panels), and the material eluted from the anti-FLAG beads (right panels) were probed with anti-HA (upper panels) and anti-FLAG (lower panels). SinaH-FLAG bound to Ebi-HA more strongly than Sina-FLAG.
of a SinaH/Ebi containing complex in vivo is to restrict the ability to form dorsal central bristles.
Evidence indicates that a role of the SinaH/Ebi complex is to target substrates for ubiquitination and proteasomedependent degradation. SinaH has high homology with Sina, which can act as part of an E3 ubiquitin ligase complex containing Ebi to cause ubiquitination and degradation of Tramtrack 69 (Boulton et al., 2000) . If SinaH acts in a similar manner to Sina, one explanation could be an inability to degrade Tramtrack, but this would result in fewer bristles being formed rather than additional bristles, since this neuronal repressor would inhibit SOP cell formation (Badenhorst et al., 2002; Guo et al., 1995) . This suggests that SinaH/Ebi is acting on different substrates to Sina. In humans, Siah proteins, and the homologue of Ebi (TBL1) can act together to degrade a component of the Wnt (Wg) signalling pathway, b-catenin (Armadillo) (Matsuzawa and Reed, 2001 ). Removal of SinaH and reducing levels of Ebi might therefore cause the stabilisation of Armadillo, and the increased Wg signalling may up-regulate proneural activity in the DC cluster. Siah proteins have also been implicated in cell cycle control, and Ebi has a role in repression of the cell cycle transition between G1 and S phase (Boulton et al., 2000) . Another possibility is that increased cell division within the proneuronal cluster could result in additional SOP cell formation. However, the exact mechanism and substrates of the SinaH/Ebi complex involved in DC bristle formation is yet to be determined.
The mouse Siah1a and Siah2 are synthetically lethal which suggests a high level of redundancy between these Siah proteins. To test if there is also redundancy between Siah proteins in flies, I removed both Sina and SinaH genes together. Interestingly, the resultant fly displayed phenotypes very similar to flies which only lacked Sina, and could be attributed to mis/over expression of Tramtrack. Sina and SinaH therefore have distinct phenotypes suggesting that they have different roles in flies, consistent with their dissimilar expression patterns during development. Sina appears to have higher expression in the embryo and larvae (Carthew and Rubin, 1990) whereas in this study, I have shown that SinaH mRNA is mainly expressed in later developmental stages and in males. Given that the mouse knockout of Siah1a is sterile and defective in spermatogenesis , there may still be other roles of SinaH that are yet to be uncovered and that in flies, such roles can be compensated for by other E3 ubiquitin ligases or members of the complexes.
Experimental procedures

Northern blot analysis and RT-PCR
mRNA for Northern blot and RT-PCR was extracted using the Dynabeads mRNA Direct Kit (Invitrogen), according to manufacturer's instructions. Northern blot analysis was carried out using standard procedures. Radiolabelled probe was made from full-length SinaH cDNA using the NEBlot Kit (New England Biolabs), according to manufacturer's instructions. Blots were hybridized in ULTRAhyb hybridization buffer (Ambion) and bands were visualized using a phosphorimager (GE Healthcare).
For RT-PCR, primers were designed across the first intron of the gene encoding the RNA polymerase II 215 kDa subunit (RTPolF-5 0 -CAGT TCGGCATTTTGTCCCC-3 0 , RTPolR-5 0 -AGCAGTAGAAGCACAC ACATCGC-3 0 ) and for SinaH (RTSHF-5 0 -TTGTGGTGGTCA AGCGGCAATC-3 0 , RTSHR-5 0 -AGACGGGGCAAATGGTCAAC-3 0 ). Reactions were performed using the SuperScript III One-Step RT-PCR System (Invitrogen), according to manufacturer's instructions.
Fly stocks
All stocks were obtained from Bloomington Drosophila Stock Centre, except for Sina SH and SinaH 1 which were generated as described below and Sina 2 and Sina 3 from R. Carthew. All stocks were maintained on standard medium at 25°C.
Homologous recombination
Ends-out homologous recombination was performed according to Gong and Golic, 2004 . Deletion constructs were made by PCR with BAC clone BACR 48E21 (Berkeley Drosophila Genome Project) as template. Primers 5 0 -AGCAATGGCGCGCCGTATCATTTAGAGTTTC ATATATAATTTGGATAGG-3 0 and 5 0 -TACCAGCGTACGCTCTCG CTTTAGTTTCCCGC-3 0 were used to amplify the 3.6 kb 3 0 homology fragment and to add Asc1 and BsiW1 sites to allow the fragment to be cloned into pW25 (Gong and Golic, 2004) . To make the Sina SH allele, primers 5 0 -AGCGATGCGGCCGCGGAATTTATTTCCTGGTGGGTC AC-3 0 and 5 0 -TACCGCGGTACCTGTTGCCCAGCAAAACTACTA TCC-3 0 were used to amplify the 3.6 kb 5 0 homology region and to add Not1 and Acc65I sites and this was cloned into pW25 containing the 3 0 homology region. To make SinaH 1 allele, primers 5 0 -AGCACAG CGGCCGCAACCCGTGAAACCGAACCAC-3 0 and 5 0 -TACCATGGT ACCTATAATGAGCTACTTTTACTTCGGAGCC-3 0 were used to amplify the 3.8 kb 5 0 homology region, including Not1 and Acc65I sites and it was similarly cloned into pW25 containing the 3 0 homology region. DNA constructs were transformed into the germline of Drosophila using standard methods (Rubin and Spradling, 1982) . Crosses for targeting were carried out using the rapid scheme as previously described (Rong and Golic, 2001 ). The white + (w + ) marker gene was then mapped to identify cases in which w + was located on the target chromosome 3. To make the Sina SH allele, 650 individual crosses were set up which gave two correct targeting events. In the case of the SinaH 1 allele, 546 individual crosses were set up which gave 49 correct targeting events.
Southern blot analysis
Southern blot analysis was carried out using standard procedures. The probe was generated by genomic PCR using primers 5 0 -AAGACCCAA CAGCACAACG-3 0 and 5 0 -TGTGATTGGCACTGGTAAAC-3 0 and radiolabelled using the method described above for Northern blot analysis. Blots were hybridized in ExpressHyb hybridization buffer (BD Biosciences) and bands were visualized using a phosphorimager (GE Healthcare).
EM pictures
Flies were frozen at À80°C for 1 h, mounted on an EM stub, coated with 20 nm of a gold-palladium mixture and then viewed on a Philips XL30 scanning electron microscope.
Mounting fly wings
Wings from adult flies were dissected in ethanol and mounted in a 6:5 lactic acid:ethanol mixture.
Plasmids and protein expression
Ebi cDNA was amplified from Drosophila cDNA using 5 0 -GACC TAGAATTCATGAGTTTTTCCAGCGACGAGG-3 0 and 5 0 -ATAC GAGCGGCCGCAGAACTTTCGCAGGTCCAACACG-3 0 to include EcoR1 and Not1 sites. This was cloned into pRMHA3-HA (CuSO 4 inducible S2 expression plasmid) to include a C-terminal HA tag, into pGEX-4T1 vector (GE Healthcare) to create a GST fusion protein and into the pLinkT7b vector (R. Treisman) for in vitro transcription/translation. Sina and SinaH constructs used were as described in Cooper et al. (unpublished observations) .
GST-Ebi, GST-Sina, and GST-SinaH in pGEX-4T1 were expressed in BL21-DE3 cells for 3 h at 30°C following induction. Purification was performed as manufacturer's instructions.
GST pulldown
Radiolabelled proteins were produced using the TnTQuick system (Promega) using plasmid DNA template in the pLinkT7b, according to the manufacturer's instructions. Glutathione beads containing 5-10 lg of GST fusion protein were mixed with 5 ll TnT reaction and made up to 200 ll with binding buffer (20 mM Tris 7.4, 70 mM KCl, 2 mM MgCl 2 , 0.1 % Triton and complete protease inhibitor tablets (Roche)). After 2 h at 4°C, beads were transferred to MobiCol columns (MoBiTec/VH Bioscience), washed four times in binding buffer and bound proteins eluted by boiling in SDS sample buffer. All of the pulldown and 10% of the TnT input mixture were analysed by SDS-PAGE. After fixing, the gel was dried for 45 min at 80°C and bands were visualized using a phosphorimager (GE Healthcare).
Co-immunoprecipitation experiment in S2 cells
Cells (2 · 10 6 ) were plated per well of a 6 well plate and were tranfected using Fugene (Roche) with 2.5 lg of either pRMHA3-SinaC120A-FLAG or pRMHA3-SinaHC87A-FLAG and with 2.5 lg pRMHA3-Ebi-HA fulllength. The cells were left for 24 h, and the medium was replaced with medium plus 0.7 mM CuSO 4 to induce expression from the metallothionein promoter. After induction for 18 h the cells were harvested and lysed in IP buffer (50 mM Tris-HCl pH 7.4, 250 mM NaCl, 0.2% NP40, 1 mM MgCl 2 , 0.5 mm EDTA, complete protease inhibitor (Roche)) for 15 min at 4°C and then centrifuged at 20,000g for 15 min at 4°C. The supernatant was added to 25 ll of a 50 % slurry M2 anti-FLAG agarose (Sigma) and incubated 2 h at 4°C with mixing. The agarose was washed four times with IP buffer, and proteins eluted from the beads using 1 mg/ml FLAG peptide (Sigma). Ten percentage of input and total eluted sample were analysed by SDS-PAGE and Western blot. Anti-HA (Roche) was used at 1:2000 and M2 anti-FLAG antibody (Sigma) was used at 1:1000 dilutions.
